Measurement of fluorescence lifetime is a well-established technique, which has recently been introduced into the portfolio of assay formats used in high-throughput screening (HTS). This investigation establishes appropriate conditions for using lifetime measurements to reduce the impact of compound interference effects during large-scale HTS of corporate screening files. Experimental data on mixtures of standard fluorophores and interfering compounds (from 5 HTS campaigns) have been combined with a theoretical model to identify the minimum data quality required, defined by the photon count in the peak channel, for discrimination of biological activity. Single-component fluorophore lifetimes can be recovered with an error of 1%, with a peak photon count of 10 2 , but the same accuracy with a 2-component decay requires a peak photon count of 10 3 . When a 3rd component is introduced, the minimum peak count increases to 10 4 . The influence of scattered light on lifetime determination was investigated using an emulsion (diameters 25-675 nm). The measured decays of interfering compounds, identified as autofluorescent, show that the vast majority have a very short lifetime that can readily be resolved from the reporter fluorophore, using appropriate data-fitting methods. (Journal of Biomolecular Screening 2006:765-772) 
INTRODUCTION
T HE SHIFT FROM RADIOCHEMICAL-TO FLUORESCENCE-BASED analytical methods has given benefits of increased sensitivity and speed along with reduced reaction volume and environmental impact, especially in the application of highthroughput screening (HTS) of large corporate compound collections. 1 However, compared to radiometric assay formats, fluorescence methods introduce increased opportunities for compound interference effects. 2 The fraction of compounds in an HTS campaign that interfere with bioassays in a deleterious manner may be significant compared to those having genuine biological activity leading to a greater burden on compound logistics in hit follow-up. 3 More important, however, a significant proportion of reproducible false positives can cause difficulties in the analysis of the screen output, with the worst-case scenario being when a compound with genuine biological activity is overlooked in favor of interfering compounds. 4 Several modes of action have been described for interfering compounds, which are a consequence of their underlying physicochemical properties. Weakly or insoluble compounds can interfere with optical detection by generating light-scattering aggregates. More subtly, aggregates themselves can act as adsorption centers and sequestrate biomolecules in a manner that mimics a true inhibition-type response. 5, 6 Other optical effects include light absorption due to colored compounds, quenching by a compound of the fluorescent emission of a reporter fluorophore, and compounds having intrinsic fluorescence over the spectral range of the reporter fluorophore. 2, 7 To attempt to address these deficiencies, the HTS community has advanced assay and detection technology, with approaches such as time-resolved fluorescence resonant energy transfer, now available. 8 Although some success has been reported, such methods can involve relatively complex labeling or coupling steps, which may be unsuitable for many assay formats. 9 Prompted by the development of relatively inexpensive diodebased pulsed lasers, fluorescence lifetime measurement has been added to the portfolio of assay formats available in HTS, with the anticipation that many of the compound interference problems could be solved. 10, 11 In this article, we aim to establish the most appropriate conditions for using lifetime measurements in the context of reducing the effects of compound interference.
Mixtures of fluorophores will be used to evaluate how the choice of reporter fluorophore and data acquisition conditions influences the ability to resolve lifetimes of multiple fluorescing components. The manner in which lifetime measurements are affected by scattering will be analyzed using fluorophore/microemulsion mixtures with similar particle dimensions to those predicted for assay wells containing aggregated compounds. 7 Experiments will also cover a systematic determination of the lifetime properties of a group of "problematic" compounds, identified from HTS campaigns using a variety of assay formats and fluorophore types.
Background to fluorescence lifetime readout
The lifetime, τ, of a fluorophore is an intrinsic property, typically in the range of 0.1 to 10 ns, that corresponds to the average time spent by the fluorophore in the excited state before relaxing to the ground state. The decay of the excited state population of a fluorophore is a Poisson process. In the case of a single emitting species, the probability of observing a photon at time t after the fluorophore is excited follows an exponential decay. In practice, we may observe several or a broad distribution of exponentials, depending on the complexity and heterogeneity of the fluorophore environment. The time-domain fluorescence signal of a single exponential decay can be fitted with the following relationship:
where I (t) and I 0 are the fluorescence intensities at time t and t = 0.
The fluorescence lifetime is governed by the radiative and nonradiative decay rates of the excited state, k r and k nr :
The radiative decay rate is an intrinsic property of the fluorophore. The nonradiative decay rate is dependent on the local environment-for instance, changes in the fluorophore lifetime can arise following an alteration in pH or as a consequence of the receptor-fluoroligand binding event. However, configuring suitable lifetime assays largely remains an empirical exercise, as the effects of changes in the microenvironment on nonradiative transition properties cannot be simply modeled. This makes making lifetime assays intrinsically less predictable than, for instance, fluorescence resonance energy transfer (FRET) or fluorescence polarization techniques.
MATERIALS AND METHODS

Fluorescence lifetime measurements
Fluorescence lifetime measurements were performed in the time domain using time-correlated single-photon counting.
Time-correlated single-photon counting, or TCSPC, uses a pulsed light source to perform repetitive excitation of the sample and digital electronics to correlate the arrival of fluorescence photons at the detector in relation to the excitation pulses. At the heart of any TCSPC system is the time-to-amplitude converter (TAC); this can be thought of as an ultra-fast stopwatch. The TAC is synchronized with the excitation source so that the emission of each pulse triggers the start of a voltage ramp in the TAC. The arrival of the 1st fluorescence photon at the photodetector stops the voltage ramp, and the instantaneous amplitude of the voltage ramp is outputted as a pulse from the TAC. The pulse amplitude is proportional to the time between the excitation and the emission of the fluorescence photon and is converted into a digital signal, which is then binned into a histogram-style plot as a function of its delay time. Summing over many pulses (typically several million) builds up the histogram of counts versus time (i.e., the fluorescence decay profile). Intuitively, it would appear that the minimum resolvable lifetime is limited by the width of the excitation pulse (typically several nanoseconds). However, a technique known as iterative reconvolution (described in more detail later) can be used to separate a relatively broad excitation pulse profile from subnanosecond decay profiles.
A modular time-correlated single-photon counting system, IBH TBX-04 (IBH, Glasgow, UK), was used with a 635-nm diode laser excitation source with pulse width < 49 ps and a repetition frequency of 1 MHz. The laser light passed through a 620to 640-nm band-pass filter (630DF20, Omega Optics, Austin, TX) and was directed into the sample mounted in a 100-µL quartz cuvette. Sample fluorescence was collected at 90 degrees to the excitation beam by a 100-mm focal-length bispherical convex lens (CVI optics, Onchan, Isle of Man, UK). The light then passed through a 650-nm dichroic reflective filter (650DRLP, Omega Optics) and a 648-nm long-pass filter (648LP, Omega Optics) to remove scattered light before being refocused onto the photodetector. The TAC parameters were set to measure photons over a time range of 50 ns, which was histogrammed into 8192 channels, corresponding to a temporal resolution of 6.1 ps. The collection optics in this system differs from the epi-fluorescence setup generally used for HTS applications. Epi-fluorescence detection is ideal for measurement in micro well plates and has high light collection efficiency; nevertheless, the theory and data analysis are identical to those described in this study. Our experimental setup was chosen for ease of sample handling, although acquisition times several orders of magnitude greater than those employed with the HTS setup were required to achieve the same quality. The photon count in the peak channel is used to define data quality regardless of acquisition time and can therefore be applied to any optical system. Time-to-amplitude conversions were performed for a sufficient number of pulse repetitions until the photon count in the peak channel reached predetermined values (ranging from 10 2 -10 5 ), producing varying degrees of data quality. nr . (1)
(2)
Scattered light rejection
The efficiency of the long-pass filters in the detection optical path was quantified to assess the influence of scattered light on the acquired decays. Aggregated compounds were simulated using a well-defined emulsion formulation (Intralipid), with particle diameters ranging from 25 to 675 nm. 12, 13 Without a long-pass filter, a 4-fold increase in signal was achieved with an Intralipid concentration of 5% (v/v). Fluorescence decays of a mixture of 1-nM solution of MR121 and Intralipid at 5% (v/v) were determined, with and without the long-pass filters. A threshold for minimum compound brightness was determined, below which the fluorescence signal was assumed negligible compared to system noise and scattering.
Data analysis
The fluorescence data were analyzed by iterative reconvolution, performed using the software package Fluofit (1996, Jörg Enderlein), run in Matlab (MathWorks, Natick, MA). Nonlinear least squares fitting was used to fit the experimental data against y(t), a model used to describe a single-exponential or multiexponential decay convolved with the instrument response function (IRF). where x(t) is the time profile of the fluorescence decay described by a multiexponential decay consisting of M exponential components with amplitudes A i and lifetimes τ i . The instrument response function contains information about the time profile of the laser excitation pulse and the time characteristics of the whole measurement system. The IRF was obtained by measuring the time profile of light reflected from a front silvered mirror.
Properties of fluorophores
Three dyes-MR121 (Evotec-Technologies, Hamburg, Germany), EVOblue (Evotec-Technologies), and DY-633 (Dynomics, Jena, Germany)-were investigated. The lifetimes (τ) and relative brightnesses (CQ) of each of the 3 dyes at 635 nm are listed in Table 1 . Mixtures were prepared, consisting of 2 or 3 fluorophores, at 1 to 10 nM in phosphate-buffered saline (PBS) and 1% DMSO (pH = 7.4). Mixture composition and predicted brightness ratios are shown in Table 1 . Concentrations were adjusted to prevent MR121 from dominating the fluorescent signal within each mixture. Fluorescent decays were acquired with peak photon counts of 10 2 , 10 3 , 10 4 , and 10 5 . Each decay was then fitted using equation (3), with M equal to the number of fluorescent species. Fit quality criteria were the reduced χ 2 value and the concordance with expected lifetimes and relative amplitudes, A i , of the individual dye components.
Lifetime analysis of problematic compounds
The hit populations from 5 HTS campaigns involving fluorescence readouts were analyzed, and 360 unique compounds were designated as problematic. Compounds were designated as problematic if they showed reproducible, apparent biological activity (percent effect exceeded the corresponding assay cut-off level, both at primary and retest screening) while simultaneously showing elevated fluorescence signals compared to well-defined assay standards (typically, detector count rate levels were > 3 SD above the expected mean). Assay formats were as follows: total fluorescence intensity, 1-D fluorescence intensity distribution analysis (FIDA), 14 and 2-D FIDA polarization. 15 Reporter fluorophores were tetramethylrhodamine (TAMRA), MR121, and rhodamine-green (Rh-Green). It should be noted that the underlying mechanism giving rise to the problematic behavior of any 1 compound may be a complex combination of aggregationinduced scattering, compound autofluorescence, or other interfering phenomena. Compound lifetimes were analyzed at a concentration of 10 µM in PBS (pH = 7.4) and DMSO (1%). Initially, decays were fitted with a single exponential, and further terms were added until the quality of fit, judged using the reduced χ 2 value, showed no significant improvement. 
Modeling A mathematical simulation was performed, using MatLab (MathWorks), to investigate how data quality influences the accuracy to which a reporter fluorophore lifetime can be resolved from that of an interfering autofluorescent compound. For the purpose of the simulation, the measured lifetime and amplitude of a well-characterized MR121-conjugated peptide (Mw ~1500 Da) were used to represent the reporter. The simulated time-dependent fluorescence signal, y sim (t), was generated by introducing Poisson noise to a multicomponent exponential decay convolved with an instrument response function (IRF):
where the lifetimes and relative intensities of the ith fluorescent components, τ i and α i , model the contributions of the dye and compound using values measured experimentally. The noise was simulated using Poisson statistics (i.e., the standard deviation at each point is equal to the square root of the number of photon counts at that point). The amplitude of the decay is adjusted by parameter A, and values were used to produce peak photon counts ranging from 10 2 to 10 5 . The simulated data were then fitted with 1-and 2-component exponential models, and the recovered values of relative amplitude and lifetime were compared to those used to simulate the data and the quality of each fit judged using the reduced χ 2 value.
RESULTS AND DISCUSSION
Mixtures of standard fluorophores
As expected, the deviation of the fitted lifetimes ( Table 2) from the expected values (Table 1) increases as the peak photon count is reduced. There is a greater error in recovering the longer lifetime component of MR121 than for the shorter lifetime dyes at the same photon count, due to a larger proportion of the photon counts for MR121 appearing in the tail of the multiexponential decay. As the photon count is reduced, the relative brightness of longer lifetime components increases, again due to slow decaying fluorophores having a greater number of photons in the low signal-to-noise region of the decay. At low photon counts, the noise is of similar amplitude to photons at the end of the decay, which have the effect of contributing to the amplitude of the longer lifetime components. The 3-component decay requires a far higher photon count than the 2-component mixture for the same degree of accuracy. To achieve an error of ~1% in the fitted lifetimes, a 2-component mixture requires a peak photon count of 10 3 , but a 3-component mixture requires a peak photon count of 10 5 to achieve the same accuracy.
Scattered light rejection
The effect of the long-pass filters on the recovered lifetimes for both 1-and 2-component models is summarized in Table 3 along with photon count rates for each decay. Inspection of the The scattered light rejection ratio (brightness ratio with and without the long-pass filters) is 35 dB, using the photon count rate from Intralipid alone and assuming that scattering from any one of the problematic compounds does not increase the photon count by more than 400%. The brightness threshold below which a compound can be assumed nonautofluorescent is 6 Hz.
Lifetime properties of "problematic" compounds
The properties of the assay used in selection problematic compounds are summarized in Table 4 . Of the 360 assay compounds analysed, 107 demonstrated autofluorescence properties (i.e., showed a count rate above background) and a measurable lifetime. Assays using Rh-Green and TAMRA fluorophores had a greater proportion of the problematic compounds demonstrating autofluorescence than assays using MR121. Figure 1A,B shows the distribution of lifetimes and brightness of the 107 compounds relative to a 1-nM solution of MR121. Most compounds have low brightness and short lifetimes, although there are a small number with lifetimes as long as 1.4 ns and brightness that exceeds that of the fluorophore at assay concentration. The distribution of problematic compound lifetimes within each assay is shown in Figure 2 . Assays 1 to 4 show no notable deviation from the overall lifetime distribution shown in Figure 1A ; hence, they do not have a particular susceptibility to a range of autofluorescence lifetimes. Assay 5 appears to have a higher proportion of compounds with a lifetime in the range of 0.1 to 0.7 ns than the other 4 assays, albeit with a low number of compounds.
Modeling of reporter peptide and problematic compound mixtures
The lifetimes and brightness of representative problematic compounds used in the mixture model are shown in Table 5 , along with the model used in equation (4) to simulate each compound. The fitting results of the simulated fluoropeptide/ assay compound mixtures are summarized in Table 6 . The results show that with a peak photon count of 10 4 , the lifetime of the fluoropeptide can be recovered with accuracy greater than 99%, if the data are fitted with the correct model. As the photon count is reduced, hence reducing the signal-to-noise ratio, the correct fitting model has less effect on the quality of the fit, judged using the χ 2 statistic. As the photon count was reduced from 10 4 to 10 3 , it was observed that no significant gain could be made in the quality of fit by fitting the correct number of fluorescent components. This reduction in data quality is evident in the increase in error of the recovered lifetimes of both fluoropeptide and assay compound. When the peak photon count is reduced to 10 2 , using the correct model has very little effect on the goodness of fit, and the recovered lifetimes show significant deviations from the values used to create the simulated data ( Table 5) .
Apart from compound 5, where the fluorophore and compound lifetimes are very close, the lifetime of the fluoropeptide could be recovered from the simulated mixtures with singlecomponent compounds with an accuracy no worse than 10%, with a peak photon count of 10 3 . Compound 3, which has 2 lifetime components, requires a peak photon count of 10 4 to achieve the same accuracy.
CONCLUSIONS
We have established a generic acquisition parameter, the "peak photon count," which, unlike sampling time, is not instrument specific and can therefore be used to characterize the quality of fluorescence decays from different systems. This parameter was then used to quantify the data quality required to recover the lifetime of a reporter fluorophore from a background of autofluorescent compounds. It is known that the lifetime of singlecomponent decays can be recovered from a relatively low photon count, but resolving multiple lifetimes requires a considerably higher count. For example, the lifetime of a single fluorophore can be recovered with an error of 1% from a decay with a peak photon count of 10 2 , but to achieve the same accuracy with a 2-component decay, a peak of 10 3 is required. When a 3rd component is introduced, the minimum peak count increases to 10 4 . The increase in photon counts required to maintain a high level of accuracy is due to the increased number of variables in the fitting algorithm; a single-component model only has 1 parameter, whereas a 3-component decay requires 6. In HTS, there is a constant drive to minimize the sampling time of each compound; in a typical fluorescence assay, the sampling time is restricted to 1 s. On this time scale, an assay performed in the instrument used for this study produced a peak photon count of several hundred. This is sufficient for the lifetime recovery of a single fluorophore but is likely to be insufficient for multicomponent decays such as a reporter fluorophore and an autofluorescent assay compound. The fluorescent properties of 360 problematic assay compounds that have produced false positives in a variety of fluorescence intensity-based assays were analyzed using fluorescence lifetime analysis. It was found that approximately 30% of these could be attributed to autofluorescence, and the remaining 70% were most likely due to scattering and other forms of nonradiative interference. However, this figure may be a conservative estimate due to the excitation available for this study being 88 nm longer than the shortest wavelength employed in the HTS assays. Inspection of the incidence of autofluorescent compounds as a function of excitation wavelength shows that assays performed with a red dye reduce interference by autofluorescence from 30% to ~20%. The polarization-based assays were found to be more susceptible to interference from nonautofluorescent compounds. This is consistent with the nonautofluorescent interference caused by compound aggregation. The polarization state of the fluorescent signal is altered upon scattering from within the sample volume; enhanced filtering will not alleviate this form of interference because the scattered light is at the emission wavelength. Fluorescence lifetime analysis (FLA) does not rely on conservation of the polarization state of the fluorescent, and we have shown that the lifetime of a reporter fluorophore can be recovered from a scattering background with great accuracy.
The results from this study indicate that FLA could considerably reduce the number of false positives caused by aggregated compounds, which may account for up to 70% of apparent false-positive effects. The lifetime distribution of the 30% that were found to be autofluorescent shows that the vast majority have a very short lifetime that can readily be resolved from the reporter in the same way as the scattered signal. The few compounds with lifetimes close to that of a typical reporter fluorophore may still cause interference, especially when decays are acquired with the low photon count arising from the time restrictions of HTS.
